Value of the data
This data allows other researchers to calculate and predict the phase stability in Al-Cu based alloys. The data can be used as input for further theoretical evaluation of properties and for the verification of the validity of other models and approaches.
The data can be compared with other theoretical and experimental results. Many-body interactions in the same data format can be calculated for other alloys.
Data
The results of calculations are shown in Tables 1-3 . Tables contain atomic coordinates of clusters used for calculations. Effective interactions in dilute Al-Cu alloys are presented in Table 1 for pair interactions V 2 ð Þ p as a function of coordination shell number, in Table 2 for triplet V 3 ð Þ t , and in Table 3 for quadruplet V Tables show that unre laxed interactions converge very rapidly with respect to both the diameter of the cluster and the number of sites comprising it. Relaxed ECIs (containing the strain-induced contributions) remain to be short-ranged, but become essentially many-body to lower the energy of planar Cu clusters relative to that of "bulky" ones. At least four-body compact clusters have to be included in the cluster expansion to qualitatively reproduce the stability and morphology of GP zones in Al-Cu alloys.
Methods
The energy of an Al-Cu alloy is represented in the form of a cluster expansion by the following Ising-type configurational Hamiltonian [2, 3] :
where
t , and V 4 ð Þ q are two-, three-and four-body interactions for the corresponding two-, three-, and four-site clusters denoted as p, t, and q. Further, σ j is a spin variable that can take on values þ 1 or − 1 depending on which type of atom (Al or Cu, respectively) occupies site j [2] . Two-site clusters are denoted by the coordination shell number p corresponding to the vector connecting the two atomic sites, or by an index notation hkl of the corresponding family of vectors, Table 1 Effective pair interactions in dilute Al-Cu alloys V Table 2 Effective triplet interactions V 3 ð Þ t (eV) and formation energies of three-site Cu clusters E 3 ð Þ t (eV) for different atomic clusters. Three-site clusters are denoted by indices t 1 t 2 t 3 , where t i specifies the coordination shell radii separating every pair of atoms in these clusters. Coordinates of atoms in clusters are shown.
Triplet, t
Atom coordinates V Table 3 Effective quadruplet interactions V , where a is the lattice parameter; the index notation is commonly used in experimental studies of atomic short-range order. Geometry of multisite clusters can be described by enumerating the vectors separating every two atoms in these clusters [3] . Therefore, three-site and four-site clusters are denoted here, respectively, by indices t 1 t 2 t 3 and q 1 q 2 q 3 q 4 q 5 q 6 , where t i and q j specify the coordination shell radii separating every pair of atoms in these clusters. Some examples of two-site, threesite, and four-site clusters are shown in Fig. 1 . It should be noted that in this work, for simplicity, the indices have been sorted in the ascending order.
The effective cluster interactions (ECI) are determined in this work from a set of total energy calculations for supercells, each representing a single configuration (case of site occupancy by Al and Cu atoms) of a cluster ν in p; t; q; … in the otherwise pure Al matrix. Then an n-body interaction for an n-site cluster ν is calculated as
where E σ f g ν ð Þ is the total energy of a supercell containing cluster ν in the configuration σ f g ν . The product of n spin variables in Eq. (2) equals 1ð−1Þ whenever an even (odd) number of Cu atoms is involved in the cluster ν. Eq. (2) allows one to calculate the different ECI directly and independently from each other using a large enough supercell, without the need to do a least-square fitting procedure to calculate the ECI or cross-validation analysis to judge which interactions are important and which are negligible.
The procedure of calculating effective cluster interactions is exemplified in Fig. 2 showing all cases of site occupancy (configurations σ f g ν of two-, three-, four-body clusters ν ¼ p; t; q by two atomic species. The energies of these configurations enter the sum in Eq. (2) with the plus (minus) sign in 1 2 of the cases. As a consequence, the ECI calculated using Eq. (2) for a many-body cluster contains just the excess energy in addition to that contained in the lower-order ECIs representing the constituent parts of the cluster.
The formation energy of an n-site solute (Cu) cluster of ν-type is defined as
where the E terms are the calculated total energies of supercells. Subscript 0 denotes a supercell without defects, subscript 1 denotes a supercell containing a single solute (Cu) atom, while subscript ν denotes a supercell containing an n-site solute cluster ν. It should be noted that for two-site clusters,
ν . The effective interactions were calculated using a 256-site supercell obtained by 4 Â 4 Â 4 repetition of the 4-atom fcc unit cell. To keep the cubic symmetry of the underlying fcc lattice, which is preserved on average in real alloys, the supercell translation vectors were kept fixed. The calculations were performed at the fcc lattice constant of a ¼ 4.05 Å. The total energy calculations for the supercells were performed using the projector augmented wave (PAW) method [4] as implemented in VASP package [5] . The generalized gradient approximation and a plane wave basis with a cutoff energy of 350 eV were used in the PAW calculations. The integration over the Brillouin zone was done using the 4 Â 4 Â 4 Monkhorst-Pack grid. The convergence criterion for total energy was 10 − 5 eV/cell; the forces were relaxed below 10 − 2 eV/Å during internal structural optimization. More computational detail can be found in Ref. [1] .
